B cells with a rearranged heavy-chain variable region VHa allotype-encoding VHI gene segment predominate throughout the life of normal rabbits and appear to be the source of the majority of serum immunoglobulins, which thus bear VHa allotypes. The functional role(s) of these VH framework region (FR) allotypic structures has not been defined. We show here that B cells expressing surface immunoglobulin with VHa2 allotypic specificities are preferentially expanded and positively selected in the appendix of young rabbits. By flow cytometry, a higher proportion of a2+ B cells were progressing through the cell cycle (S/G2/M) compared to a2-B cells, most of which were in the G1/GO phase of the cell cycle. The majority of appendix B cells in dark zones of germinal centers of normal 6-week-old rabbits were proliferating and very little apoptosis were observed. In contrast, in 6-week-old VH-mutant ali/ali rabbits, little cell proliferation and extensive apoptosis were observed. Nonetheless even in the absence of VH1, B cells with a2-like surface immunoglobulin had developed and expanded in the appendix of 11-weekold mutants. The numbers and tissue localization of B cells undergoing apoptosis then appeared similar to those found in 6-week-old normal appendix. Thus, B cells with immunoglobulin receptors lacking the VHa2 allotypic structures were less likely to undergo clonal expansion and maturation. These data suggest that "positive" selection of B lymphocytes through FR1 and FR3 VHa allotypic structures occurs during their development in the appendix.
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In normal rabbits, the majority of peripheral B cells that have undergone a productive VH-DH-J-H gene rearrangement utilize the heavy-chain variable region VH1 gene (1) (2) (3) . The utilization of the VHJ gene by a majority of rabbit B cells thus limits the contribution of combinatorial diversity to production of the primary high copy number antibody repertoire. B cells with a broad spectrum of protective antibody specificities are produced in the appendix germinal centers of normal young rabbits where VHI-DH-JH sequences diversify by gene conversion-like and somatic hypermutation mechanisms (4) . During B-cell diversification, when new "anti-self' combining sites are created, the newly formed B cells bearing self-reactive immunoglobulin molecules can be eliminated (5, 6) , undergo receptor editing (7, 8) , or develop clonal anergy (9) (10) (11) . In addition, there may be positive selection of B cells specific for environmental antigens or possibly B-cell superantigens. Recent data indicate that some bacterial and viral antigens or B-cell superantigens bind specifically to the products of certain VH gene families and it was suggested that antigens that interact with unconventional antigen binding sites on VH Fab fragment may have the potential to significantly skew the composition of The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
the human B-cell repertoire (12, 13) . Positive signals for B-cell survival may also be supplied by self-antigens interacting with evolutionarily conserved "family-specific" sequences in the first and third framework regions (FR1 and FR3) of the VH. Low-affinity polyreactive autoantibodies encoded by germline VH may reflect such interactions at early stages of Blymphocyte development (14) (15) (16) .
Unique to the rabbit are the VHa allotypic specificities, which were found to correlate with consistent differences in the amino acids at certain positions in FR1 and FR3 (1, 17) . VH-mutant ali/ali rabbits (18) have a small deletion encompassing the VHa allotype-encoding VHI gene at the 3' end of the VH cluster (1, 19) . These animals develop B cells expressing upstream VH genes including VH4, VHX, and VHY that do not encode VHa allotype-defining structures (20) (21) (22) . As ali/ali rabbits mature, they produce increasing proportions (10-40%) of their total serum immunoglobulin with serological properties indistinguishable from normal a2 allotype in spite of the absence of a VHJ gene (3, 18, 19, 22) . We hypothesize that these a2+ immunoglobulins result from rearrangement of upstream genes encoding VHa2 allotype or that gene conversion may alter the FR sequences in B cells that had rearranged other VH so that these regions resemble VHa2 encoded by the VHJ gene segment (1, 22) .
In the studies reported here, we found that B cells expressing surface immunoglobulin with VHa2 allotype were preferentially expanded in the appendix of both normal and mutant rabbits. A higher proportion of B cells with such FR allotypic structures had survived, compared to B cells lacking the VHa2 allotype structural motif, a higher proportion of which appeared to have undergone apoptotic death. Thus, B cells producing immunoglobulin with VHa2 allotype FR sequences are probably positively selected in the appendix.
MATERIALS AND METHODS
Rabbits. Rabbits of the VHa2 (F-I) or mutant VH ali (F-I) haplotype (18, 19) were bred and raised in our own NIAID allotype-defined pedigreed colonies. Rabbits were sacrificed 6 and 11 weeks after birth and appendix tissue was removed.
Reagents and Antibodies. The antibodies used in this study were affinity purified rabbit anti-rabbit a2 (3), mouse monoclonal antibody to rabbit proliferating cell nuclear antigen (PCNA) (Boehringer Mannheim), phycoerythrin (PE)-labeled goat anti-rabbit IgM (,u heavy-chain specific), PElabeled normal goat IgG (Southern Biotechnology Associ- The labeled cells were visualized with nitroblue tetrazolium (NBT) in conjunction with 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Sigma). The slides were covered with 90% glycerin in PBS and coverslipped. For double staining, first apoptotic cells were detected with the terminal deoxynucleotidyltransferase-mediated dUTP nick end-labeling (TUNEL) technique-based (23) ApopTag-peroxidase detection kit (Oncor) following the instructions of the manufacturer and then stained for a2 as described above. Briefly, the 3'-OH ends of fragmented DNA are tailed with digoxigenin 11-dUTP using terminal deoxynucleotidyltransferase. This is followed by peroxidase-conjugated anti-digoxigenin antibody and labeled cells are visualized by addition of 3,3'-diaminobenzidine tetrachloride substrate (Fast DAB; Sigma) (21) . Image analyses of apoptotic cells in the appendix were performed with the Videometric 150 (V150) image analysis system (Oncor). Quantitation was done with Oncor V150 software and an Oncor 3 chip camera.
Flow Cytometry and Cell Sorting. The appendix was removed and a cell suspension was immediately made by passage through mesh screens. Isolated cells were stained first with affinity-purified polyclonal rabbit anti-rabbit a2 antibody and then washed twice in PBS containing 1% heat-inactivated fetal calf serum and 0.02% NaN3. After washing, cells were incubated with polyclonal goat anti-rabbit IgG-TR and goat antirabbit IgM-PE conjugate. After another washing, cells were analyzed and gated on SSC x FSC (side scatter x forward scatter) profile, and cell sorting was performed with a FACStar Plus flow cytometer (Becton Dickinson) and ACQ8 software. added dropwise into 70% ethanol at -20°C and incubated on ice for 30 min. After fixation, cells were centrifuged (500 x g) for 10 min at 10°C, and supernatants were removed. One milliliter of 2 M HCl/0.5% Triton X-100 was added to the fixed cells and incubated at room temperature for an additional 30 min. Cells were centrifuged as described above, the supernatant was removed, and then the cells were resuspended in 1 ml of 0.1 M borate buffer (pH 8.5). Cells were again centrifuged, supernatants were removed, and the pellet was resuspended in 10 ,ul of 0.5% Tween 20 plus 1.0% bovine serum albumin (BSA) in PBS and 10 ,ul of PI (5 ,ug/ml) and incubated for 30 min at room temperature. After another centrifugation, the supernatant was removed, and cells were resuspended in 500
Al of 1.0% BSA in PBS and analyzed on a FACScan cytometer (Becton Dickinson) with LYSIS Ii software. Cells were gated on a FSC x SSC profile and a F1-3 area x F1-3 width profile to exclude doublets.
Analysis of DNA Fragmentation in Agarose Gels. Analysis was done as described (24) . Briefly, 1.6 x 106, 8 x 106, and 1.6 X 107 cells were washed once in cold PBS and incubated in 500 ,ul of lysis buffer (5 mM Tris HCl, pH 8.0/5 mM EDTA/0.5% Triton X-100) for 1 hr on ice. The lysate was centrifuged (27,000 x g) for 30 min at 4°C, and the supernatant was removed. Proteinase K was added to the supernatant at a final concentration of 500 ,ug/ml followed by an incubation on ice for 30 min and phenol chloroform/isoamyl alcohol (24:1) extraction. The DNA was precipitated with ethanol, washed with 70% ethanol, and dissolved in 10 ,ul of TE buffer. After digesting the RNA with RNase A (0.5 mg/ml at 37°C for 30 min), the sample was subjected to electrophoresis in 2% NuSieve/1% ultrapure agarose gel (FMC) in Tris acetate/ EDTA buffer (pH 7.8) and stained with ethidium bromide.
RESULTS AND DISCUSSION

Expression of VHa2 Allotype FR Sequences in Appendix of
Normal and VH-Mutant Rabbits. In normal rabbits, the majority of mature peripheral B cells utilize the VHa allotypeencoding VH1 gene (1-3) . Thus, 70-90% of serum immunoglobulin molecules bear VHa allotypes (17, 21) . In 6-week-old normal rabbits, Au B cells with VHa allotypic structures displayed on their surface predominated in the appendix (Fig.  IA) . In contrast, <10% of ,u+ B cells in 6-week-old ali/ali mutant appendix bore VHa allotypic specificities (Fig. 1B) . At a later age (11 weeks in the example shown here) a2+ B cells also predominated in the appendix of ali/ali mutant rabbits (Fig. 1C) . (14, 25) . Anti-PCNA antibody has been shown to selectively mark proliferating cells (26) (27) (28) . In 6-week-old normal rabbit appendix, most of the cells in the dark zones of the appendix germinal centers were stained by anti-PCNA antibody, whereas the majority of the cells in the light zones were PCNA negative (Fig. 24) . In contrast, most of the cells in 6-week-old ali/ali appendix were PCNA negative (Fig. 2B) . There was very little cell proliferation in the dark zones at a time when few a2+ B cells were detected (Fig. 2E) . By 11 weeks of age, a2+ B cells were found in the appendix of ali/ali VH-mutant rabbits (Fig.  2F ) with a concomitant increased PCNA staining of the dark zones (Fig. 2C ). This may reflect selective expansion of B cells with VHa2 allotypic structures.
To determine which populations of appendix B cells were proliferating, we used a cell cycle analysis technique. As shown in Fig. 3 , <40% of the total appendix cells in 6-week-old normal rabbits were in the G1/Go phase of the cell cycle (most B cells were progressing through the cell cycle), whereas the majority (-75%) of the appendix cells in 6-week-old ali/ali rabbits were in G1/Go. We sorted ,ua2+ and ,ua2-appendix B cells from 6-week-old normal and ali mutant rabbits and analyzed them for DNA content by flow cytometry (Fig. 4) . In the experiment shown, 47.9% of sorted ,ua2+ B cells from normal rabbit appendix were progressing through the cell cycle, compared to only 30% of ,u+a2-B cells (Fig. 44) . Among ,u+a2+ B cells sorted from ali mutant appendix, 34.1% were progressing through the cell cycle, compared to only 20% of ,+a2-B cells (Fig. 4B) B cells were undergoing clonal expansion and maturation, it is apparent that B-cell clones expressing immunoglobulin bearing a2 allotypes were preferentially expanding.
Analyses of Apoptosis Among Sorted Appendix Cell Populations. We also determined which populations of B cells were undergoing programmed cell death in each sorted sample by using the TUNEL-based ApopTag fluorescein detection kit. The labeling targets of the ApopTag kit are new 3'-OH DNA ends generated by endonuclease-mediated DNA fragmentation and typically are localized in morphologically identifiable nuclei or apoptotic bodies (23) . In contrast, normal, necrotic, or proliferative nuclei, which have relatively insignificant numbers of DNA 3'-OH ends, do not stain with the kit. This experiment was repeated on three separate occasions and the results from a representative experiment are shown in Fig. 4 . In the experiment shown, about one-third of ,u+a2-B cells (14, 25) that the FR (allotypic) protein structure may bind to specific homing structures in follicular regions and that interaction of B cells with specific extracellular matrix could contribute to antigen-independent signals to survive rather than undergo apoptosis. To examine this question, we stained appendix tissue sections using the TUNEL-based ApopTag peroxidase detection kit and immunohistochemistry techniques to identify B cells undergoing programmed cell death. As shown in Fig. 2 D and F , some apoptotic cells were found in the light zone of appendix germinal centers in 6-week-old normal and 11-week-old ali/ali rabbits, but the majority of them were localized in the area between the dark zone and the light zone. Many apoptotic cells in 6-week-old ali/ali appendix were found surrounding small areas possibly representing B cells expressing a2 molecules (Fig. 2E) . Quantitative measurements on 10 germinal centers from 6-week-old ali/ali appendix and 10 from 6-week-old normal appendix were done with an Image Analysis system (Oncor). sequences were found in the dark zone (4) . During the process of B-cell diversification, if new potential anti-self combining sites are created, the newly formed B cells bearing self-reactive molecules may be eliminated. In addition, cells not receiving positive signals to survive may also undergo programmed cell death. Once appendix B cells with VHa2-like surface immunoglobulin developed in ali/ali mutant rabbits, the numbers and tissue localization of B cells undergoing programmed cell death appeared more similar to those found in 6-week-old normal appendix. These data support the idea that receptor-related positive selection of B lymphocytes occurred during their development in the appendix.
Analysis of Apoptosis by Detection of DNA Fragmentation in Rabbit Appendix. A key biochemical feature of apoptosis is the fragmentation of chromatin into multiples of nucleosomesized units (29) (30) (31) . Cell death in the rabbit appendix was investigated further by agarose gel electrophoresis of low molecular weight DNA from freshly isolated appendix cells (Fig. 5) . When the DNA from total appendix cells from 6-week-old normal and ali mutant rabbits was compared, DNA laddering was more intense in ali mutant appendix. Fragmentation of DNA was clearly evident in a DNA sample from 1.6
x 106 appendix cells from ali mutant rabbits. Even when low molecular weight DNA from >8 x 106 normal rabbit appendix cells was used, the relative intensity of DNA laddering was less than that for mutant appendix cells. DNA isolated from both normal and ali mutant appendix cells gave the same laddering pattern upon gel electrophoresis. Although the technique is not strictly quantitative, the differences found in the intensity of DNA fragmentation (Fig. 5) are consonant with the differences observed in studies of tissue sections and sorted cells reported above. 
CONCLUDING REMARKS
In the young rabbit, the appendix is an important site of development of the primary B-cell repertoire, analogous in some ways to the chicken bursa of Fabricius (4, 25) . Committed surface-IgM+ B cells seeding the appendix probably receive signals to survive and proliferate from foreign antigens and superantigens, whereas signals leading to cell death may be delivered by self-antigens. However, our studies suggest that interactions of some as yet undefined foreign or endogenous antigens or superantigens with allotypic VH FR1 and FR3 structures may provide signals for rabbit B-cell proliferation and survival. The VHa2 FR motif may also engage a structure on stromal cells in the appendix that elicits production of a growth and survival factor from the latter. A possible ligand(s) that might bind to the FR allotypic motif on appendix B cells remains to be found. Apoptosis is likely to be a physiological process in B-cell selection in the appendix of young rabbits. Both gene conversion and somatic hypermutation seem to play a role in the generation of antibody diversity in the rabbit appendix (4, 25) . This process is probably followed by a selection of newly diversified B cells. Autoreactive B cells possibly formed during the process of B-cell diversification may be clonally deleted by programmed cell death. Apoptosis of B cells may also be the consequence of unsuccessful somatic hypermutation and gene conversion events in the appendix. In the present study, B-cell death by apoptosis in ali/ali VH mutant rabbits appeared to result from failed expression of VHa2 allotype specificities. 
